Rhesus monkey rhadinovirus (RRV) is a gamma-2 herpesvirus related to the human Kaposi's sarcoma-associated herpesvirus (KSHV or human herpesvirus 8). This study identified an alternatively spliced gene at the right side of the RRV genome (strain 17577) between open reading frame 75 and the terminal repeat region. Of its eight exons, the first seven encoded up to 12 transmembrane domains, whilst the eighth exon encoded a predicted C-terminal cytoplasmic domain. Structurally and positionally, this RRV gene therefore resembles the K15 gene of KSHV; it was provisionally named RK15 to avoid confusion with other RRV17577 genes. In ectopic expression studies, the 55 kDa RK15 protein isoform activated the JNK and NF-kB pathways, like the 45 kDa KSHV K15-encoded protein isoform. In contrast to K15, which activates angiogenic and inflammatory cytokines such as interleukin (IL)-8, IL-6 and CCL20, the range of cellular transcripts activated by the RRV K15 homologue was much more restricted, but included IL-6, IL-8 and FGF21. These data suggest functional differences between terminal membrane proteins at the right end of the genomes of Old World primate gamma-2 herpesviruses.
INTRODUCTION
Kaposi's sarcoma (KS)-associated herpesvirus (KSHV or human herpesvirus 8), a gamma-2 herpesvirus (Neipel et al., 1997; Russo et al., 1996) , is the cause of all forms of KS, primary effusion lymphoma (PEL) and the plasma cell variant of multicentric Castleman's disease (MCD) (Cesarman et al., 1995; Chang et al., 1994; Soulier et al., 1995) . KSHV infects the endothelial and spindle cells of KS lesions, PEL cells and B cells of MCD (Boshoff et al., 1995; Dupin et al., 1999 Dupin et al., , 2000 Katano et al., 2000; Parravicini et al., 2000) ; it remains latent in most infected cells, with only a small population undergoing lytic (productive) viral infection. Rhesus monkey rhadinovirus (RRV), discovered independently by two groups, is widely distributed among rhesus macaques (Alexander et al., 2000; Desrosiers et al., 1997; Searles et al., 1999) . Two isolates, RRV17577 and RRV26-95, show significant overall homology to KSHV. Experimental inoculation into naive macaques can induce transient lymphadenopathy, as well as occasional hyperplastic lymphoproliferative disease reminiscent of MCD upon co-infection with simian immunodeficiency virus (SIV) (Mansfield et al., 1999; Wong et al., 1999) . As RRV replicates permissively in primary rhesus fibroblasts and can be used to infect primates, it can serve as a model to study at least some aspects of KSHV biology. However, another macaque gamma-2 herpesvirus, retroperitoneal fibromatosis herpesvirus (RFHV), is even more closely related to KSHV (Rose et al., 1997 (Rose et al., , 2003 . On phylogenetic grounds, RRV is considered a representative of a second branch of Old World rhadinoviruses (RRV2), whilst the more closely related KSHV and RFHV are members of the first branch (RRV1) (Greensill et al., 2000; Lacoste et al., 2000; Schultz et al., 2000) . In KSHV, the K15 gene, located between open reading frame (ORF) 75 and the terminal repeat (TR) region, consists of eight exons and is transcribed into several alternatively spliced transcripts during lytic replication (Choi et al., 2000; Glenn et al., 1999; Jenner et al., 2001; Nakamura et al., 2003; Poole et al., 1999) . K15 encodes a group of integral membrane proteins with up to 12 transmembrane domains and a common C-terminal cytoplasmic domain containing putative TRAF and Src kinase homology 2 and 3 binding (SH-B) motifs (Brinkmann et al., 2003; Choi et al., 2000; Glenn et al., 1999; Poole et al., 1999) . These motifs are conserved between the two highly divergent M and P genotypes of KSHV K15 (Glenn et al., 1999; Kakoola et al., 2001; Poole et al., 1999) . K15-P and K15-M encode proteins with an apparent molecular mass of 45 kDa, predicted to contain all 12 putative transmembrane domains in addition to the Cterminal cytoplasmic domain, activate the NF-kB, MEK/Erk and JNK pathways and induce the expression of several cellular genes, in particular inflammatory and angiogenic cytokines such as interleukin (IL)-8, IL-6, CCL20 and CXCL2 (Brinkmann et al., 2003 (Brinkmann et al., , 2007 . Alexander et al. (2000) suggested the existence of a RRV K15 homologue, R15, of 490 aa, in the region of the RRV26-95 genome between ORF75 and the TR, without defining its location and exon-intron boundaries. No homologue of KSHV K15 was annotated in the genomic sequence of the other RRV isolate, 17577 (Searles et al., 1999) . Here, we have demonstrated the existence of an alternatively spliced gene containing eight exons between ORF75 and the TR of the RRV17577 genome. The most common spliced transcript encoded a protein of approximately 55 kDa, which was predicted to contain 12 transmembrane domains joined to a cytoplasmic C-terminal region. This cytoplasmic domain lacked the YEEV SH2-B motif that is important for the signalling properties of the K15 proteins (Brinkmann et al., 2003; Wang et al., 2007) . The 55 kDa RRV protein translated from an eight-exon-containing transcript activated the NF-kB and JNK pathways but a much narrower range of cellular genes compared with KSHV K15. Thus, the RRV K15 homologue, here provisionally referred to as RK15 to avoid confusion with the RRV17577 CD200 homologue previously named R15 (Langlais et al., 2006; Pratt et al., 2005) , differs functionally from the K15-P and K15-M proteins and could therefore contribute to the different biological properties of KSHV and RRV, which are representatives of the RV1 and RV2 branches, respectively, of Old World primate rhadinoviruses.
METHODS
Cell culture and transfections. The cell lines HEK 293-T (human embryonic kidney), LLCMK2, tRFB (telomerase-immortalized rhesus fibroblasts) and HeLa were cultured in Dulbecco's modified Eagle's medium supplemented with 10 % heat-inactivated fetal calf serum, 50 IU penicillin ml 21 and 50 mg streptomycin ml 21 at 37 uC in humidified air with 5 % CO 2 . Primary rhesus fibroblasts were immortalized with human telomerase, cultured and infected with RRV17577 as described previously (Mark et al., 2007) . For transfections, the cell lines 293-T, LLCMK2 and HeLa were grown to subconfluency and transfected using FuGENE 6.
RT-PCR. Total RNA was isolated (RNeasy mini kit; Qiagen) from a T25 flask of primary rhesus fibroblasts infected with RRV17577 and harvested at different time points. Total RNA (200 ng) was reverse transcribed with PowerScript Reverse Transcriptase (Clontech) using primers RRV8rev1 [59-GCCGTCCATGTTACATGGACTTC-39; nt 129036-129058 of the RRV17577 genome (GenBank accession no. AF083501)], 36 nt downstream of the predicted RK15 stop codon, together with the SMART IV Oligonucleotide (Clontech). First-round PCR amplification was performed using the 59 PCR Primer (59-AAGCAGTGGTATCAACGCAGAGT-39) (Clontech) and reverse primer RRV8rev1. Second-round PCR amplification was performed using RRV8rev2 (59-TTAGTTTTGGGCACCTTGGGATGTTACAC-39; nt 129073-129101 of the RRV17577 genome), overlapping the putative stop codon of RK15, and RRV1for2 (59-GATTATTTT-AAAATGGCGTGTAGCTATAC-39; nt 131342-131314), which overlaps the putative start codon (underlined) of RK15 in the antigenomic (transcript) orientation. The resulting PCR product was cloned into pGEM-T (Promega) and sequenced. EcoRI and NruI sites, as well as an optimized Kozak sequence upstream of the putative start codon and a Flag epitope at the C-terminal end, were added to the RK15 fragment using the forward primer RRVK15KozakEcoRI (59-TTGAATTCGCCACCATGGCGTGTAGCTATAC-39) and the reverse primer RRVK15NruIflagex8rev (59TATTCGCGATTACTTGTCGT-CATCGTCTTTGTAGTCGTTTTGGGCACCTTGGGATG-39). The resulting PCR products were then cloned into the EcoRI and NruI sites of the eukaryotic expression vector pFJ-EA.
5 § Rapid amplification of cDNA ends (5 § RACE). Total RNA (750 ng) of RRV17577-infected tRFB cells was used for 59 RACE, which was performed using Superscript III Reverse Transcriptase (Gene Racer kit; Invitrogen). The RK15 gene-specific primer (GSP) 59-CGGAGTTAATTGACCTGCTCTGCTTCGA-39 and the RK15 nested gene-specific primer (nGSP) 59-CCCTGGCATGTTGT-ACCAAGGCTATTATC-39, and the Gene Racer 59 primer (GR59P) were used in a 59 RACE PCR with AmpliTaq DNA polymerase (Roche). Touch-down PCR conditions were: (i) 94 uC for 2 min, (ii) 94 uC for 30 s, (iii) 72 uC for 2 min, (iv) repetition of steps (ii) and (iii) for five cycles, (v) 94 uC for 30 s, (vi) 70 uC for 2 min, (vii) repetition of steps (v) and (vi) for five cycles, (viii) 94 uC for 30 s, (ix) 63 uC for 30 s, (x) 72 uC for 2 min, (xi) repetition of steps (viii) to (x) for 25 cycles and (xii) 72 uC for 10 min. Nested PCR conditions were: (i) 94 uC for 2 min, (ii) 94 uC for 30 s, (iii) 63 uC for 30 s, (iv) 72 uC for 2 min, (v) repetition of steps (ii) to (iv) for 25 cycles and (vi) 72 uC for 10 min. Amplified PCR products were isolated from a 1 % agarose gel, cloned into pGEM-T Easy and completely sequenced.
Northern blotting. tRFB cells were infected with RRV17577 and harvested at different time points. Total RNA was prepared using an RNeasy mini kit and polyadenylated RNA was isolated with an Oligotex Direct mRNA mini kit (Qiagen). RNA was separated on a 1 % formaldehyde/agarose gel and immobilized on a nylon membrane (Hybond-N; Amersham Pharmacia) by capillary transfer in 106 SSC. The membrane was air dried before the RNA was UV-cross-linked to it.
32 P-Labelled probes were generated by random priming (Invitrogen) with either an RK15 cDNA clone or a human b-actin cDNA fragment as template. Hybridization was performed overnight at 60 uC in 0.5 M NaPO 4 (pH 7.2), 7 % SDS, 10 mM EDTA. After IP: 54.70.40.11
On: Fri, 07 Dec 2018 20:03:16 washing in decreasing concentrations of SSC at 60 uC, the results were visualized by autoradiography.
Plasmids. pFJ-EA K15-P, pFJ-EA K15-P Y481F, pFJ-EA K15-M, pFJ-EA K15-M Y490F, pSRa-HA-JNK1, pSRa-HA-ERK2, glutathione Stransferase (GST)-c-Jun and pSV-LMP1 have been described previously (Brinkmann et al., 2003 (Brinkmann et al., , 2007 Wang et al., 2007) . The NF-kB reporter plasmid p3EnhkBconA-Luc containing three NF-kB sites upstream of the firefly luciferase gene was provided by A. Eliopoulos (Division of Basic Sciences, University of Crete Medical School, Heraklion, Crete, Greece). The Renilla luciferase reporter pGL4.74 was purchased from Promega.
Immunocomplex kinase assay and immunoblotting. 293-T cells were co-transfected with 1 mg haemagglutinin (HA)-tagged mitogenactivated protein kinase (MAPK) and 1 mg K15 or 1 mg RK15 expression construct, and an immunocomplex kinase assay was performed as described previously (Wang et al., 2007) .
For immunoblotting, cleared cell lysates containing K15 or RK15 protein were not boiled prior to SDS-PAGE. Rabbit anti-JNK1 (C-17; Santa Cruz), mouse anti-ERK2 (D-2; Santa Cruz) and mouse antiFlag M2 (Sigma) primary antibodies and horseradish peroxidasecoupled secondary antibodies (Dako) and a standard enhanced chemiluminescence reaction were used for immunostaining.
Luciferase-based reporter assays. 293-T cells were transiently cotransfected with 50 ng NF-kB firefly luciferase reporter plasmid containing three tandem repeats of the NF-kB site from the immunoglobulin Gk promoter, 50 ng Renilla luciferase reporter plasmid and 1 mg K15 or RK15 expression construct per well of a sixwell plate. At 40 h post-transfection, cells were washed with PBS and lysed in reporter lysis buffer (Promega). Luciferase activities were measured in cleared lysates with a Dual-Luciferase Reporter assay system in accordance with the manufacturer's instructions (Promega).
High-density microarray experiments. At 30 h post-transfection, HeLa cells were harvested for total RNA extraction (inclusive oncolumn DNase I digestion, RNeasy kit; Qiagen). Total RNA was further processed with a Low RNA Input Linear Amplification kit PLUS, Two-Colour (Agilent Technologies) and hybridized to a Whole Human Genome Microarray (G4112F, ID 014850; Agilent Technologies) as directed by the manufacturer (http://www.agilent.-com) except that 5 mg of each labelled cRNA was used for hybridization. Slides were scanned on an Agilent Microarray Scanner G2505 B. Data extraction and normalization were performed with the Feature Extraction software version 9.1.3.1 using the recommended default extraction protocol file (GE2-v5_91_0806.xml). Data from qualitatively suboptimal spots were flagged and excluded from further analysis if the spot was marked as an outlier or if one of the following criteria was fulfilled: (i) CVsignal mean .0.25; (ii) SMglobal background corrected/SMlocal background corrected .1.5, where 'CVsignal mean' is the coefficient of variance deduced from signal values for all pixels of a spot and 'SMglobal background corrected/SMlocal background corrected' is the ratio of a global-background-corrected signal mean of a spot divided by a local-background-corrected signal mean value. Ratio values of probes, directed against the same mRNA, were averaged by calculating the geometric mean.
Low-density microarray experiments. Low-density microarray experiments were performed as described elsewhere (Wang et al., 2007) with minor modifications: incorporation of fluorescent dyes (namely Alexa Fluor 555) was performed 'indirectly' by use of an Amino-Allyl MessageAmp II aRNA kit (Ambion) according to the manufacturer's recommendations. Additional information on the microarrays and methodology is available at: http://microarray.med. uni-giessen.de/.
ELISA. HeLa cells were transfected as described for the DNA microarrays. At 30 h post-transfection, the conditioned medium was collected and cleared supernatants were analysed by IL-8 ELISA according to the manufacturer's instructions (Biosource).
Semi-quantitative PCR. Total RNA from HeLa cells transiently transfected with an empty vector or expression plasmids for K15-P or RK15 was extracted as described for DNA microarray analysis and used to generate cDNA with a cDNA Synthesis System (Roche) according to the manufacturer's instructions. Subsequently, a semiquantitative PCR with primers FGF21 For (59-TGCAGCTAAA-GCCTTGAAGC-39) and FGF21 Rev (59-ATCCGTCCTCAAGAAG-CAGCT-39) spanning a 153 bp fibroblast growth factor 21 (FGF21) transcript was carried out. The PCR was performed with a HotStar Taq kit (Qiagen) using the following conditions: 15 min at 95 uC, followed by 33-36 cycles of 30 s at 94 uC, 30 s at 59 uC and 30 s at 72 uC, with 7 min final extension at 72 uC. The housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was amplified with primers GAPDHfor (59-ACCACAGTCCATGCCATCAC-39) and GAPDHrev (59-TCCACCACCCTGTTGGTGTA-39) using the following PCR conditions: 15 min at 95 uC followed by 33-36 cycles of 30 s at 94 uC, 30 s at 60 uC and 30 s at 72 uC, with 7 min final extension at 72 uC. A total of 5 pmol of each primer was used for one PCR in a 25 ml volume. PCR products were separated on a 1 % agarose gel and visualized by ethidium bromide staining.
RESULTS

Mapping of transcripts from the right end of the RRV genome
We inspected the region of the RRV17577 genomic sequence located between ORF75 and the TR region for consensus splice donor and acceptor sites that would join individual exons to form a large ORF similar to KSHV K15. We then carried out nested RT-PCR by using, in the first round, an antisense primer (RRV8rev1) downstream of the putative stop codon of RK15 in combination with the Clontech SMART IV oligonucleotide, and, in the second round, sense and antisense primers overlapping the putative start and stop codons of RK15 (see Methods for primer details).
Cloning and sequencing of RT-PCR products revealed that multiple alternatively spliced transcripts were generated from this genomic region (Fig. 1a, b) . In a time-course experiment with RRV-infected fibroblasts harvested on days 1, 3, 5 and 7 after infection, a single PCR product of approximately 1.6 kb appeared on day 3 and peaked on day 5 (Fig. 1b) . Sequence analysis showed that this band was derived from a fully spliced eight-exon-containing mRNA (Fig. 1a) , which resembled the predominant KSHV K15 mRNA (Choi et al., 2000; Glenn et al., 1999) . After spread of the infection to the entire monolayer, multiple alternatively spliced transcripts could be identified (Fig. 1a,  b) . The splice donors and acceptors used by the different RK15 transcripts sequenced in this study are shown in Fig.  1(a) and their sequences are listed in Table 1 . Three of the alternatively spliced transcripts, consisting of exons 1-2-3-7-8, 1-2-7-8 and 1-7-8 and thus yielding shorter ORFs (see below) are depicted in Fig. 1(a) . Others included incompletely spliced, intron-retaining transcripts (not shown) that would not be expected to yield a protein containing the C-terminal cytoplasmic domain. One transcript contained all eight exons but used an alternative splice acceptor to join a shortened version of the eighth exon to the other seven exons (see Table 1 ).
A Northern blot (Fig. 1c) of RNA from RRV17577-infected fibroblasts hybridized with an RK15 probe showed two long transcripts of 4.3 and 5.5 kb. Using 59 RACE, we located the transcriptional start site of the RK15 transcript to 108 nt upstream of the translational start codon (Fig. 1d) . A further 59 RACE PCR band of approximately 800 bp (Fig. 1d) did not contain RRV sequences and was considered to be non-specific. Taken together, these findings [the size of the RK15 transcripts was 4.3 and 5.5 kb, of which 1.4 kb is located in exons 1-8 (Fig. 1c) , together with a 59 untranslated region of 108 nt] suggested a 39 untranslated region of approximately 3-4 kb. We attempted to identify the 39 end of the RK15 transcript by 39 RACE but were not successful, presumably because of Fig. 1. (a) Location of RK15 exons and exon/intron boundaries at the right end of the RRV17577 genome sequence. Arrows mark the locations of primers used in this study. The splicing pattern of four multiple alternatively spliced mRNAs identified in this study is shown. *, ** and *** indicate splice variants identified in (b) and shown in (a). Splice variants depicted in (a) but not visible in (b) were identified in at least one of three replica experiments. (b) Expression of RK15-derived mRNAs at different time points following infection of rhesus fibroblasts with RRV17577. RNA extracted from RRV-infected fibroblast cultures on days 1, 3, 5 and 7 (after spread of the cytopathic effect to the entire monolayer) was reverse transcribed (RT+) with the primer RRV8rev1 and amplified using primers RRV8rev1 and 59PCR primer in the first round and primers RRV8rev2 and RRV1for2 in the second round. PCR products were sequenced to identify the different splicing patterns. Bands in negative controls (without reverse transcriptase, RT") were considered non-specific. (c) Northern blot analysis of mRNA isolated from RRV17577-infected tRFB cells (+) compared with control uninfected cells ("). The blot in the upper panel was probed with radiolabelled random-primed DNA fragments synthesized using a cDNA clone of the eight-exon RK15 transcript as template. The blot in the lower panel was hybridized with a human b-actin probe. (d) 59 RACE analysis to map the transcription initiation site of the RK15 gene. After reverse transcription, cDNA fragments corresponding to the 59 end of the RK15 transcript were amplified in duplicate as described in Methods. Two different fragments could be amplified from total RNA of RRV17577-infected cells (lanes 3 and 4) . Sequencing of the~250 bp fragment indicated a transcriptional start site at nt 131438, whereas the~800 bp fragment did not contain RRV sequences and was considered a non-specific amplification product. (e) Flag epitope-tagged expression vectors for RK15 splice variants were transiently expressed in 293-T cells and the proteins visualized by immunoblotting of detergent lysates and immunostaining with an anti-Flag antibody. The 55 kDa (exons 1-8) and 39 kDa (exons 1, 2, 7 and 8) RK15 proteins are marked with an arrow; putative dimers are marked with an arrowhead. The sequences are listed in the orientation of the coding strand, i.e. in the opposite orientation to the genomic sequence. Intron/exon boundaries are in bold type. Splice donors/acceptors in the RRV17577 genomic sequence were confirmed experimentally (see Fig. 1 ) and are shown in the upper row for each exon; the lower row shows the corresponding splice donors and acceptors in the RRV26-95 genomic sequence, predicted on the basis of sequence conservation in an alignment of the RRV17577 and RRV26-95 sequences. Identical nucleotides are depicted as dots.
Exon
Splice Table 1 .
Predicted protein sequence and expression of spliced transcripts
Bioinformatic analysis of the protein sequence corresponding to the fully spliced mRNA (Fig. 1b) indicated that it contained 12 putative transmembrane segments followed by a hydrophilic, and therefore presumably cytoplasmic, Cterminal domain (Fig. 2) . This domain was encoded by exon 8 and was common to all alternatively spliced transcripts (Figs 1a and 2 ). This predicted structure resembles that of the 45 kDa KSHV K15 protein observed in lytically induced cells carrying a recombinant KSHV genome (Brinkmann et al., 2007) . The alternatively spliced forms were predicted to encode proteins with fewer transmembrane segments (Fig. 2) , as has also been observed for K15 (Brinkmann et al., 2003; Choi et al., 2000; Glenn et al., 1999) . However, the RK15 protein sequence was very divergent from that of the K15-P and K15-M genotypes (Glenn et al., 1999; Poole et al., 1999) (Fig. 2) .
Some of the sequence motifs conserved in both KSHV K15-P and K15-M were not present in RK15. Neither the K15 motif YASI [referred to as YASIL by Brinkmann et al. (2003) , Sharp et al. (2002) and Wang et al. (2007) ], which has homology with the group III tyrosine motifs of the general pattern Y-hydrophobic-X-hydrophobic, nor the conserved K15 YEEV motif, which has been shown to play an important role in signal transduction pathways induced by K15 (Brinkmann et al., 2003 (Brinkmann et al., , 2007 Wang et al., 2007) , were found in RK15. The RK15 cytoplasmic domain did, however, contain a PPLP motif similar to the putative SH3-binding site in K15, albeit in a different position (Fig. 2) .
Expression vectors containing cDNA sequences corresponding to all eight exons of RK15 or smaller alternatively spliced transcripts were constructed with a Flag tag at the C-terminal end of the cytoplasmic domain. After transfection of 293-T cells, expression of the tagged proteins was examined by immunoblotting using a monoclonal antibody to the Flag epitope. As shown in these experiments, the full-length (eight-exon) transcript of RK15 encoded a 55 kDa protein, whilst the splice variant containing exons 1, 2, 7 and 8 produced the expected 39 kDa protein, and the transcript consisting of exons 1, 7 and 8 produced a 37 kDa protein (Fig. 1e ). In the case of the 55 kDa (exons 1-8) and the 39 kDa (exons 1, 2, 7 and 8) proteins, we also observed a more slowly migrating band (Fig. 1e) , whose apparent molecular mass was compatible with that of a dimer (samples were not boiled prior to SDS-PAGE to avoid an aggregation of RK15 protein). Similar, possibly dimeric, bands have been noted for KSHV K15-P and K15-M (Brinkmann et al., 2003 (Brinkmann et al., , 2007 Wang et al., 2007) . In vitro transcription/translation assays using plasmid vectors for these cDNAs and S
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-labelled methionine/cysteine produced the same apparent molecular mass forms as in the transfection assays (not shown). The alternative eightexon-containing transcript, which used an alternative splice acceptor in exon 8 (see above and Table 1 ), yielded a protein in the in vitro transcription/translation assay but not when 293-T cells were transfected with the corresponding expression vector (not shown). As no homologue to this alternative splice acceptor in exon 8 could be identified in the RRV26-95 genomic sequence, the splice variant identified in the RRV17577 sequence may not have a biological function.
RK15 activates the MAPK, NF-kB and JNK pathways
K15-P and K15-M activate NF-kB and induce the kinase activity of the MAPKs Erk2 and JNK1 (Brinkmann et al., 2003; Wang et al., 2007) . We analysed the signalling properties of the two K15 proteins and the RK15 55 kDa protein in parallel. Both K15-P and K15-M proteins were able to induce the kinase activity of HA-tagged Erk2 kinase in transiently transfected 293-T cells as measured by phosphorylation of myelin basic protein (MBP), whilst the activation of Erk2 by RK15 was much weaker (Fig. 3a) . This difference between the activation of Erk2 by RK15 and K15-P/-M was confirmed in several independent experiments. In contrast, RK15 was clearly able to activate JNK1 kinase in co-transfected 293-T cells, similar to K15-P, K15-M and the positive control, EBV LMP1 (Fig. 3b) . Transient transfection experiments in 293-T cells using an NF-kB reporter plasmid also indicated that RK15 activates the NFkB pathway, similar to KSHV K15 (Fig. 3c) , as reported previously (Brinkmann et al., 2003; Wang et al., 2007) . This experiment was performed essentially as described in (a), except that an expression vector for HA-tagged JNK1 and the substrate GST-c-Jun were used. LMP1 was included as a positive control. The amount of immunoprecipitated JNK1 was controlled by immunoblotting. (c) Activation of an NFkB-responsive promoter by RK15. 293-T cells were co-transfected with expression vectors for RK15, K15-P or K15-M, a firefly luciferase reporter plasmid containing an NF-kB-responsive promoter and a Renilla luciferase reporter. Firefly luciferase activity was normalized to Renilla luciferase activity and calculated as fold induction relative to the activity seen with the empty expression vector pFJ-EA. et al., 2007) . We compared the spectrum of cellular genes induced by RK15 and K15-P in transfected HeLa cells, using a 40k Agilent gene expression array. Equivalent transfection efficiency and expression of RK15 and K15-P was verified by immunoblotting and immunofluorescence (not shown). Fig. 4(a) shows that there was little overlap in the range of genes that were strongly activated by the RK15 and the K15 proteins. The cellular genes most strongly activated by the K15 protein were either not or only moderately induced by the RK15 protein and vice versa. Among the strongly (greater than threefold) K15-activated genes were a range of inflammatory cytokines and chemokines, such as IL-8, IL-6 and CXCL3, as well as VEGF-activated genes such as DSCR1, as reported previously (Brinkmann et al., 2007; Wang et al., 2007) ; in addition, a few others, such as STATH and IL-21R were found to be upregulated by K15-P on the Agilent 40k array used in this study. Of these, only IL-8, IL-6 and IL-1a were moderately induced by RK15. In contrast, of the cellular genes activated most strongly by RK15, such as fbrolast growth factor 21 (FGF21), complement component 5a receptor 1 (C5aR1), Kruppel-like factor 15 (KLF15) or IL1a, most (with the exception of IL-1a) were either not or only weakly induced by K15-P. To confirm the microarray data, we performed a semi-quantitative RT-PCR for the FGF21 transcript. Fig. 4(b) shows that the FGF21 transcript could be detected after fewer PCR cycles in RK15-transfected than in .
To confirm the induction of IL-8 by RK15 at the transcript and protein level, we used an independent low-density microarray and an IL-8 ELISA on supernatants of RK15-transfected HeLa cells (Fig. 5) . The moderate induction of IL-8, IL-1a and IL-6 by RK15 in HeLa cells was also seen with this customized array (Fig. 5a ) and supernatants of RK15-transfected HeLa cells contained much lower, but detectable, amounts of IL-8 than those from K15-P-or K15-M-transfected cells (Fig. 5b) . As previously reported (Brinkmann et al., 2003; Wang et al., 2007) , a mutation of the Y 481 EEV SH2-B site in K15-P completely abolished its ability to induce inflammatory cytokines, whereas a residual activity was found with the corresponding K15-M Y 490 EEV. The extent of IL-8 induction seen with the K15-M Y490F mutant was comparable to that obtained with RK15, which lacked the YEEV SH2-B site (Figs 2 and  5b) . To examine the induction of cellular genes by RK15 in macaque cells, we transfected the LLCMK2 macaque fibroblast cell line with K15-P and RK15 and measured the induction of cytokine genes on our customized lowdensity array. The K15-P-induced activation of IL-6 and IL-8 was also seen in LLCMK2 cells, albeit much more weakly than in HeLa cells, indicating that the macaque mRNAs can be detected on the human array (Fig. 5a ). In this cell line, RK15 was able to weakly activate the expression of IL-6 (twofold induction). The activation of IL-6 by RK15 was about as strong in LLCMK2 cells as in HeLa cells (Fig. 5a ).
DISCUSSION
We have demonstrated the existence of a viral gene consisting of eight exons in the RRV17577 genome between ORF75 and the TR region. This genomic localization is similar to that of KSHV K15. This gene is transcribed into several alternatively spliced transcripts that encode proteins with up to 12 transmembrane domains, followed by a hydrophilic, presumably cytoplasmic, Cterminal domain. This hydrophilic region does not contain the YASI and YEEV motifs conserved between the two highly divergent K15 variants of KSHV, but it does contain a PPLP motif, albeit in a different position within the cytoplasmic domain. In view of the similarities of this gene to KSHV K15, and to avoid confusion with the RRV17577 CD200 homologue previously termed R15 (Langlais et al., 2006; Pratt et al., 2005) , we have provisionally designated it RK15 until a consensus about naming this RRV gene can be reached. Given that Alexander et al. (2000) first suggested the existence of a KSHV K15-like gene in the RRV26-95 isolate, it would seem appropriate to refer to the K15-like gene in the RRV17577 isolate as R15.
A Northern blot of RRV17577-infected cells showed the existence of two long transcripts of 4.3 and 5.5 kb (Fig. 1c) . In KSHV-infected cells, large transcripts of 3, 4, 5.5 and 7 kb have also been reported for K15 (Choi et al., 2000; Glenn et al., 1999) . We located the 59 end of the RK15 transcript to nt 131438, i.e. 108 nt upstream of the RK15 start codon (Fig. 1d) . This position of the RK15 transcriptional start site is also reminiscent of the KSHV K15 transcriptional start, which Wong & Damania (2006) mapped to 152 nt upstream of the K15 translational start codon. Presumably because of the size of the RK15 39-untranslated region, estimated from our Northern blot analysis to be around 3-4 kb, we were not successful in mapping its 39 end by 39 RACE. A similar long 39-untranslated region also exists in the KSHV K15 gene, which has been predicted, but not formally shown, to use a polyadenylation site between ORF74 and ORF75 (Glenn et al., 1999) .
Of the alternatively spliced RK15 transcript variants identified in this study, an eight-exon-containing transcript, translated into a 55 kDa protein, predominated on days 3 and 5 following infection of rhesus fibroblasts with RRV17577 (Fig. 1) . Additional, alternatively spliced mRNAs became detectable only on or after day 7 (Fig. 1b,  c) . As many of these alternatively spliced mRNAs retained one or several introns, it is possible that their appearance late in the infection cycle represents faulty splicing in stressed cells. However, some of these alternatively spliced Fig. 4 . Extracted RNAs were subjected to low-density microarray analysis using a Human Inflammation Array (MWG Biotech) (see Methods). Ratios of relative gene expression were calculated by dividing signal intensity values originating from K15-P or RK15 samples by the values obtained for the empty vector control. The table shows ratio values for seven genes that were induced at least threefold by K15-P or RK15 in HeLa or LLCMK2 cells, respectively. The ratios of all 19 housekeeping genes present on the microarray are shown for comparison to document the significance and specificity of changes in mRNA expression. *The oligonucleotide probe detecting CXCL3 (GRO-c) also detects CXCL1 (GRO-a) and CXCL2 (GRO-b). (b) HeLa cells were transfected with expression vectors for RK15, wild-type K15-P/-M or K15-P/-M YEEV mutant Y481F/Y490F (see text), and IL-8 levels (pg ml mRNAs (containing only exons) were translated into proteins (Fig. 1) , and a functional role for some of them cannot be excluded at present. This pattern is reminiscent of KSHV, where a 45 kDa protein, translated from an eight-exon K15-P mRNA, predominates in KSHV genomecontaining cells that have been induced to activate the lytic (productive) replication cycle and appears to be functionally active (Brinkmann et al., 2003 (Brinkmann et al., , 2007 Wang et al., 2007) . Smaller K15-P proteins, derived from alternatively spliced mRNAs, lack the ability to activate cellular signalling pathways (Brinkmann et al., 2003) .
The YEEV motif in K15-P is the target for members of the family of Src tyrosine kinases, and phosphorylation of this motif is required for activation of the MEK/Erk2, JNK and NF-kB pathways by K15-P and K15-M in epithelial cells (Brinkmann et al., 2003 (Brinkmann et al., , 2007 Wang et al., 2007) . The YEEV motif is not conserved in RK15, suggesting that the activation of the JNK and NF-kB pathways by the RK15 55 kDa protein may involve other upstream signalling steps. It is conceivable that the lack of the YEEV motif and the ensuing differences in the recruitment of intracellular signalling components could contribute to the poor activation of the MEK/Erk pathway by RK15 in comparison with K15 ( Fig. 3) and its relative inability to activate inflammatory signalling pathways. The RK15 protein did, however, activate the NF-kB and JNK pathways (Fig. 3) .
Therefore, K15 (from a RV1 rhadinovirus) and RK15 (from a RV2 rhadinovirus) induce partially overlapping spectra of cellular genes. Whilst both K15 genotypes induce a range of inflammatory and angiogenic cytokines and chemokines, in particular IL-8 (Brinkmann et al., 2007; Wang et al., 2007) , RK15 preferentially induced others (e.g. FGF21) and showed only moderate activation of IL-8 and IL-6 (Figs 4 and 5) . IL-8 in particular has been implicated in angiogenesis and the pathogenesis of KS (Lane et al., 2002; Masood et al., 2002) . Interestingly, no KS-like disease has so far been seen in RRV-or dually RRV/SIV-infected macaques (Mansfield et al., 1999; Wong et al., 1999) , which would be in line with the relative lack of angiogenic cytokines produced by RK15-expressing cells.
We speculate that some of the cellular genes induced by both K15 and RK15 proteins could reflect conserved core functions of primate gamma-2 herpesviral K15 (RV1)/ RK15 (RV2)-like terminal membrane proteins, whilst the propensity of KSHV K15 to activate inflammatory signalling pathways may contribute to biological properties typical for KSHV. The comparison of the effects induced by the K15 and RK15 proteins presented here may therefore provide the basis for the identification of this core function. If other Old World primate gamma-2 herpesviruses were also to possess K15/RK15-like terminal membrane proteins, including these in a similar comparison may help to define this 'core function' in more detail and to delineate additional functions, particular to individual representatives of this group, such as the impact of K15 on inflammatory and angiogenic cytokines.
